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Higashi-ku, Kumamoto 860-8556, JapanAbstract—Neuronal gap junctions are ubiquitous in the
brain, but their precise positions in actual neuronal circuits
have been uncertain, and their functional roles remain
unclear. In this study, I visualized connexin36-
immunoreactive gap junctions and examined the structural
features of the interconnected dendrites arising from parval-
bumin (PV)-positive interneurons in layer 4 of the feline
visual cortex. I observed evidence for net-like dense link-
ages of dendrites among virtually all PV neurons (56/58
cells, 96.6%) in the tissue. This dendritic reticulum estab-
lished connections among clustered cells and further
among remote cells. The latter connectivity exhibited a pref-
erence for vertical direction, including translaminar link-
ages, but was also characterized by lateral continuity.
Measurement of the distances from each dendritic gap junc-
tion back to the two connected somata revealed that at least
one of two somata was within 50 lm from the junction in
77.5% of the cases and within 75 lm in 91.2% of the cases.
Thus, distal gap junctions mediated morphologically asym-
metrical connection where one soma was close to, but the
other soma was far from the connecting junction. This con-
nectivity was typically observed between neurons located
apart in the same columnar space, where a long vertical den-
drite bridged two neurons through an asymmetrically posi-
tioned gap junction. In contrast, gap junctions formed
between nearby cells were close to both somata. Thalamo-
cortical aﬀerents established synapses densely on somata
of layer 4 PV neurons, indicating the possible involvement
of proximal gap junctions in visual stimulus-driven feedfor-
ward regulation. These ﬁndings provide a new structural
basis for cortical investigations.  2016 The Author(s). Pub-
lished by Elsevier Ltd on behalf of IBRO. This is an open
access article under theCCBY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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76INTRODUCTION
It is now widely accepted that certain neurons in the brain
use not only chemical synapses but also gap junctions for
communication. GABAergic interneurons containing a
calcium-binding protein parvalbumin (PV) (Katsumaru
et al., 1988) or their physiologically identiﬁable correlates,
fast-spiking (FS) cells (Galarreta and Hestrin, 1999;
Gibson et al., 1999), are among the best-studied neurons
using gap junctions. Both the morphological and physio-
logical properties of gap junctions formed between
PV/FS neurons have been investigated in various brain
regions, such as the neocortex (Galarreta and Hestrin,
1999; Gibson et al., 1999; Fukuda and Kosaka, 2000b,
2003; Tama´s et al., 2000; Fukuda et al., 2006), hippocam-
pus (Katsumaru et al., 1988; Fukuda and Kosaka, 2000a;
Bartos et al., 2002; Baude et al., 2007), thalamic reticular
nucleus (Landisman et al., 2002; Haas et al., 2011; Lee
et al., 2014), basolateral amygdala (Muller et al., 2005),
and striatum (Kita et al., 1990; Koo´s and Tepper, 1999;
Fukuda, 2009).
Because gap junctions allow direct transmission of
electrical signals with a minimal delay, they are
supposed to be involved in coherent neuronal activities,
including synchronous ﬁring of neurons, detection of
coincident inputs, and oscillatory activities in ﬁeld
potentials (Galarreta and Hestrin, 2001; Connors and
Long, 2004). However, recent studies have revealed that
the contributions of gap junctions to the temporal struc-
ture of neuronal activities are not straightforward, exhibit-
ing complex and dynamic patterns depending on the
synaptic input (Vervaeke et al., 2010), ﬁring frequencies
(Russo et al., 2013) and the state of population activities
(Berke, 2011). Moreover, gap junctions facilitate desyn-
chronization in certain conditions (Vervaeke et al., 2010;
Sippy and Yuste, 2013), whereas synchrony can occur
without the involvement of electrical synapses (Hu et al.,
2011; Diba et al., 2014). Therefore, it is still only partially
understood how gap junctions inﬂuence brain activities
in vivo. One main reason for this situation is the technical
diﬃculty in knowing where and how many gap junctions
are positioned precisely in actual neuronal circuits. Thus,
studies exploring the functional signiﬁcance of gap junc-
tions in brains still do not have a suﬃcient structural basis,
and the interpretation of the acquired physiological data
requires many assumptions about structures, especially
at the network level.
Our previous study in layer 2/3 of the feline visual
cortex has shown the occurrence of dense, net-like
connections of dendrites arising from PV neuronsons.org/licenses/by-nc-nd/4.0/).
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in diameter) of layer 2/3 PV neurons covered diﬀerent
orientation-preference columns (50 to 150 lm in width)
in the visual cortex, and their dendritic gap junctions that
establish dense, homogeneous coupling in the horizontal
direction are thought to mediate the coordination of activ-
ities across columns of diﬀerent feature representations.
The present study focuses on layer 4 of the area 18
because layer 4 in this area is located at the gateway of
the transmission of visual information from the thalamus
to the neocortex (Payne and Peters, 2002). Moreover,
FS interneurons have unique electrical properties in layer
4 of sensory cortices, such as very low thresholds to sen-
sory stimulation (Swadlow, 1989), and they respond with
much larger unitary EPSPs and faster kinetics than spiny
stellate cells when receiving thalamic inputs (Cruikshank
et al., 2007; Schiﬀ and Reyes, 2012). With these proper-
ties, FS/PV neurons are thought to mediate powerful
feedforward regulation in the initial stage of sensory pro-
cessing in the cortex (Agmon and Connors, 1992;
Swadlow, 2003; Cruikshank et al., 2007; Zhuang et al.,
2013). Therefore, analysis in this layer will provide an
important clue for understanding the role of gap junctions
in the sensory system.
The location of individual gap junctions and the mode
of dendritic linkage were investigated using dual-
immunohistochemistry for PV and connexin 36 (Cx36),
the gap junction-constituting protein that is speciﬁc to
neurons (Condorelli et al., 1998; So¨hl et al., 1998; Rash
et al., 2000), and analyzed by a correlated confocal laser
scanning light microscopy (CLSM)-electron microscopy
(EM). The results reveal the reticulum of gap junction-
coupled dendrites at a large scale, the organizing princi-
ples of which are distinct from those shared by conven-
tional neuronal circuits connected through chemical
synapses, thereby providing a new perspective on both
the morphology and function of the cerebral cortex.EXPERIMENTAL PROCEDURES
Tissue preparation
Fixed brains of male and female domestic cats were gifts
from Drs. Kenzo Kumamoto and Satomi Ebara at Meiji
University of Integrative Medicine, Kyoto, Japan. Six
adult cats of both sexes (2.5–4 kg) obtained from their
breeding colony were housed under 12:12-hour light–
dark cycle and supplied with food and water ad libitum.
Experimental protocols followed National Institute of
Health guidelines for animal research and were
approved by the Institutional Animal Care and Use
Committee at the Meiji University of Integrative
Medicine. The animals were deeply anesthetized with
ketamine hydrochloride (25 mg/kg body weight, i.m.)
and sodium pentobarbital (50 mg/kg body weight, i.p.)
and were perfused from the heart with 0.1 M phosphate-
buﬀered saline (PBS, pH 7.4) followed by 4 L of 4%
paraformaldehyde in 0.1 M phosphate buﬀer (PB, pH
7.4) at room temperature. Brains were removed from
the skull and stored in the same ﬁxative at 4 C.Immunohistochemistry
Serial 40-lm-thick coronal sections were cut using a
vibrating microtome (TTK-3000, Dosaka, Kyoto, Japan).
Multi-label ﬂuorescence immunohistochemistry was
performed as previously described (Fukuda et al., 2006;
Fukuda, 2009) using slight modiﬁcations. Brieﬂy, the sec-
tions were incubated with 1% bovine serum albumin
(BSA; Sigma, St. Loius, MO, USA) and 0.1% Triton-X in
PBS overnight, with a mixture of mouse anti-PV
(1:4500; PV235, SWANT, Marly, Switzerland) and rabbit
anti-connexin36 (Cx36) (1:100; Zymed 36-4600, Invitro-
gen, Carlsbad, CA, USA) antibodies for 16 days at
25 C, with biotinylated donkey anti-mouse IgG (1:500,
Jackson ImmunoResearch, West Grove, PA, USA) over-
night, streptavidin-conjugated Alexa 488 (1:500, Invitro-
gen) and Rhodamine Red-conjugated donkey anti-rabbit
IgG (1:200, Jackson ImmunoResearch) overnight, then
mounted in Vectashield (Vector Laboratories, Burlin-
game, CA, USA) and examined with a confocal laser-
scanning microscope (C1 plus, Nikon, Tokyo, Japan).
The long incubation period with the primary antibodies
was essential to improve the permeation of the antibodies
into the deep part of the 40-lm-thick sections and thus to
obtain confocal images of constant and suﬃcient quality
throughout the depth of the sections (Fukuda and
Kosaka, 2000a, 2003; Fukuda et al., 2006).Correlated CLSM-EM
In PV/Cx36 dual labeling for CLSM, sections were
incubated with the same primary antibodies as
described above, but without any detergents, for 4 days
at 25 C, with biotinylated donkey anti-rabbit IgG (1:100,
Jackson ImmunoResearch) overnight, then with
streptavidin-conjugated Rhodamine red (1:500, Jackson
ImmunoResearch) and Alexa488-conjugated donkey
anti-mouse IgG (1:500, Invitrogen) overnight. After
CLSM, the sections were incubated with a mouse
peroxidase-antiperoxidase complex (1:500, Jackson
ImmunoResearch) overnight, treated with 0.1%
glutaraldehyde in PB for 10 min, and the
immunoreactivity for PV was visualized using
diaminobenzidine (DAB) as a chromogen. Colored
sections were postﬁxed with 1% OsO4 in PB, then
stained en bloc with uranyl acetate, dehydrated and
mounted in Araldite (CY212, TAAB, Berks, UK). Areas
previously examined in CLSM were identiﬁed by
matching the proﬁles in the PV labeling, photographed
and re-embedded in Araldite. Serial ultrathin sections
were collected in formvar-coated single slot grids,
stained with uranyl acetate and lead citrate, and
examined in a transmission electron microscope
(H-7500, Hitachi, Tokyo, Japan).
In triple labeling for PV, glutamic acid decarboxylase
(GAD), and vesicular glutamate transporter 2 (VGluT2),
sections were incubated with a mixture of monoclonal
anti-PV (1:5000; PV235, SWANT), rabbit anti-GAD65/67
(1:5,000; G5163, Sigma), and guinea pig anti-VGluT2
antibodies (1:250; VGluT2-GP-Af810, Frontier Institute,
Ishikari, Japan) for 9 days at 20 C followed by
biotinylated donkey anti-guinea pig IgG (1:200, Jackson
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donkey anti-mouse IgG (1:250, Invitrogen), Rhodamine
red-conjugated donkey anti-rabbit IgG (1:200, Jackson
ImmunoResearch), and streptavidin-conjugated Cy5
(1:250, Jackson ImmunoResearch) overnight. After
CLSM, the sections were processed for the ABC
method (Vectastatin ABC kit, Vector Labs), and the
immunoreactivity for VGluT2 was visualized using DAB-
Nickel as a chromogen. Before the second DAB
reaction, the peroxidase activity in the sections was
denatured with PBS containing 0.05% sodium azide,
then the sections were incubated with a mouse
peroxidase-antiperoxidase complex (1:500, Jackson
ImmunoResearch) overnight, and the immunoreactivity
for PV was visualized using DAB as a chromogen. The
colored sections were processed for EM as above.Cell reconstruction
CLSM images were taken from area 18 using a high-
resolution objective (Plan Apo 60, N.A. = 1.40, Nikon)
and a zoom factor of 2.82. Images were acquired as
stacked ﬁles through the whole section thickness at the
optimal step size (0.15 lm) and from neighboring areas
to make a photomontage covering the ﬁeld size of
500  640 lm. Images were acquired from the same
ﬁeld in three consecutive sections. After transferring the
CLSM ﬁles to a personal computer (Inspiron 6000, Dell,
Tokyo Japan), both dendritic arborization of PV-
immunoreactive neurons and positions of Cx36-
immunoreactive dendrodendritic contacts were
reconstructed with a computer-assisted tracing system
(Neurolucida Confocal Module, MicroBrightField,
Colchester, VT, USA). In this analysis, it was essential
to determine whether positions of Cx36-immunoreactive
puncta precisely matched the sites of contact between
the PV-immunoreactive dendrites. Therefore, a series of
confocal optical slices were always surveyed to conﬁrm
that the brightest Cx36-immunoreactive signal
corresponded three-dimensionally to the contact site
between the PV-immunoreactive dendrites as before
(Fukuda et al., 2006; Fukuda, 2009). Because most of
the traced dendrites extended beyond the surface of the
40-lm-thick section, the same position in the adjacent
section was identiﬁed by the matching tool of the applica-
tion, then tracing of the same dendrite was resumed in the
new section after strict matching of not only the cut end of
that dendrite but also the surrounding structures.Quantitative analysis
The distance from the soma to individual gap junctions
was measured along dendrites using an application
Neuroexplorer (MicroBrightField). The morphometric
analysis of both dendritic arborization and the position of
gap junctions was performed in 11 well-reconstructed
PV neurons that fulﬁlled the following criteria: (1) the
soma was located in layer 4, (2) the total length of
dendrites was more than 1000 lm, (3) the soma gave
rise to at least three dendrites total length of which was
longer than 150 lm each, and (4) at least one dendrite
was longer than 200 lm. In the modiﬁed Sholl analysis,the dendritic trees of these neurons were segmented at
50-lm intervals from the root, and these segments were
grouped into several dendritic domains according to the
distance from the root such as 0–50 lm, 50–100 lm,
and so on. Then, the number of gap junctions in each
dendritic domain was calculated.
The density of perisomatic boutons was calculated by
counting the number of boutons, either VGluT2-positive
or PV/GAD double-positive, that abutted on the soma,
and by dividing the number by perimeter of the soma.
Measurements were made in the serial confocal optical
slices, measuring 4 lm in total thickness, which
contained a proﬁle of the soma with the largest diameter.Statistics
Statistical analyses were performed with a Mann–
Whitney test, chi-square test, Kruskal–Wallis test, or
Spearman’s correlation analysis as indicated in the
individual analyses, each with p< 0.05 as a
signiﬁcance level.RESULTS
Detection of dendritic gap junctions
The somata of the PV neurons were distributed through
layers 2 to 6, and numerous dendrites and boutons
were also immunostained (Fig. 1A, B). The two main
subpopulations of cortical PV neurons, basket cells and
chandelier cells, could not be discriminated in the
present method and were treated collectively. The
staining procedures were contrived to facilitate the
permeation of antibodies into the deepest part of the 40-
lm-thick sections such that labeling of suﬃcient quality
was obtained in the dendrites that made contact with
each other at multiple sites along their length
(Figs. 1B, 4). The existence of gap junctions at these
contact sites was shown by the antibody raised against
Cx36 (Fig. 1C, D). After detecting Cx36-immunoreactive
punctate structures at the contact sites between the PV-
immunoreactive dendrites in the CLSM, the identical
structures were re-examined directly in EM, and their
correspondence to gap junctions was conﬁrmed with the
deﬁnitive ultrastructures (Fig. 1D) as in our previous
studies (Fukuda et al., 2006; Fukuda, 2009). The results
of this correlated CLSM-EM method enabled the reliable
detection of gap junctions at the light microscopic level,
which has the advantage of providing much broader
observation ﬁelds than EM analysis.
Next I examined the mode of gap junction-coupled
linkage in detail. As shown in Fig. 1E–H, the linkage
constituted a net-like structure formed by multiple
dendrites that came close together and made contact
with one another through gap junctions. These nets of
dendrites extended three-dimensionally within the
cortical tissue. To visualize the degree of
interconnectivity, as many gap junction-coupled
dendrites as discernible were traced within an 80-lm-
wide cubic space and were viewed from diﬀerent angles
(Fig. 1I). The reconstructed structure indicates the fact
that cortical tissue except layer 1 is ﬁlled with the
Fig. 1. Gap junctions mediate the multicellular dendritic linkage. (A) Distribution of PV neurons
through layers 2 to 6 in area 18 of the feline. VGluT2-immunoreactivity is concentrated in layer 4.
(B) CLSM image showing the suﬃcient quality of PV-immunostaining for analyzing the dendritic
linkage. Somata and numerous boutons are also labeled. (C, D) Correlated CLSM-EM for reliable
identiﬁcation of gap junctions. Cx36-immunoreactive punctate structures (1–3 in C) are located
just at the contact sites between PV-immunoreactive dendrites, only short segments of which in a
confocal plane are shown here. The same structures were re-examined in EM (D) and were found
to correspond to typical ultrastructures of gap junctions. (E–H) Cx36-positive gap junctions
(arrows) mediate the multicellular dendritic linkage. (I) 3D-reconstruction of the dendritic reticulum
linked by gap junctions. Positions of Cx36-labeled gap junctions are indicated by red dots. All of the
gap junction-bearing dendrites included in an 80-lm-wide cubic space are traced and illustrated.
Scale bars = 100 lm (A), 50 lm (B), 10 lm (C, E–H), 5 lm (C inset), 50 nm (D). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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PV-positive GABAergic neurons. Previous ﬁndings on
similar dense connectivity in various cortical areas
(Fukuda and Kosaka, 2000a, 2003; Fukuda et al., 2006)
are also consistent with the notion that cortical PV neu-
rons form the dendritic reticulum.3D organization of the dendritic reticulum
The multicellular linkage of gap junction-coupled
dendrites raises the question of whether they form a
non-selective meshwork that might facilitate signal
transmission in a random fashion through a syncytium.
Thus the dendritic linkage of the PV neurons was
reconstructed in a broader tissue space in layer 4 and
examined to see whether there was some structural
organization in the dendritic reticulum.As demonstrated in Figs. 2 and 3,
virtually all PV neurons (56 out of 58
cells, 96.6%) in layer 4 of area 18
were connected to one another
through chains of the dendritic
linkage. Close observation of Fig. 2
revealed that there was a parallel
arrangement of vertical dendrites,
which was consistently observed in
layer 4 of area 18 (Fig. 4). Moreover,
Fig. 3 suggests more connectivity in
the vertical direction than in the
horizontal direction. To examine the
possible preferential orientation of
the linkage in the vertical direction,
both the horizontal and vertical
distances between each combination
of two somata that were connected
by dendritic gap junctions, shown in
Fig. 3, were calculated using the 3D
coordinates of each soma (Fig. 5A).
The measurement was made from
each soma located in layer 4 to its
connected counterpart, the latter
being located either in layer 4 or in
adjoining lamina of layer 3 or 5. It
was found that the lateral distance
was within 100 lm in 88 out of 99
(88.9%) cases and that 37 out of
these 88 cases (37.4% of all
populations) showed vertical
distances ranging from 100 to
210 lm. In contrast, the combination
of somata whose horizontal
intersomatic distance was more than
100 lm was much fewer (11/99,
11.1%), irrespective of the vertical
distance. The positional relationship
of two connected somata was
classiﬁed according to the
combination of the horizontal (H) and
vertical (V) distances: H 6 100 lm
and V 6 100 lm as nearby (51.5%),
H 6 100 lm and V> 100 lm as
vertical (37.4%), H> 100 lm and
V 6 100 lm as horizontal (6.1%),H> 100 lm and V> 100 lm as oblique (5.1%),
respectively (Fig. 5B). The distribution of connectivity in
these four sectors was signiﬁcantly diﬀerent from that
based on the null hypothesis of random connectivity (chi
square test, p< 0.001).
The preferential vertical connectivity was mediated by
the vertical dendrites establishing the linkage between the
neurons that were located at some distance apart inside
the same columnar space, both within layer 4 and
beyond its laminar borders (Fig. 6A, B). In the latter
cases, PV neurons in the upper part of layer 4 made
contact with those located in layer 3, whereas PV
neurons in the lower part of layer 4 formed dendritic
linkages with those located in the upper layer 5. It was
notable that multiple contacts were frequently
Fig. 2. Reconstruction of the gap junction-coupled linkage of PV neurons. All PV neurons shown here are connected to one another through chains
of gap junction-coupled dendritic linkage. Diﬀerent symbols on dendrites indicate sites of gap junctions. Scale bar = 100 lm.
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(Figs. 1H, 3, 6), which amounted to as many as nine
between two cells (Fig. 6B). In some cases, single PVneurons in layer 4 established trilaminar linkage so that
they formed gap junctions at both layers 3 and 5 in
addition to the connection within layer 4 (Fig. 6D).
Fig. 3. The connectivity of gap junction-coupled neurons shown in Fig. 2. Colored dots of diﬀerent
sizes correspond to the somata in Fig. 2, and lines indicate the linkages through dendritic gap
junctions. The short, colored bar attached to soma indicates the pairing through a proximal gap
junction that is located within 50 lm from the soma to which the bar is attached. Note that signals
may be transmitted in both directions through individual gap junctions irrespective of the distance
of gap junctions from the soma (see Distance of dendritic gap junctions from the soma in the
Discussion section). Numerals indicate the number of gap junctions in each pair when it is greater
than or equal to 3. Crosses and stars indicate neurons analyzed in Fig. 8A and 8B, respectively.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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dendrites that arose from the closely located somata
and ran parallel did not form mutual contacts at their
distal sites even though they appeared to be bundled
together. Instead, the linkages between such clustered
cells were mediated through proximal gap junctions that
were formed between radiating dendrites running in
various directions (Fig. 6C).
The parallel arrangement of vertical dendrites and the
preferential connectivity between the vertically separated
somata were reminiscent of the columnar organization in
the neocortex. However, the analysis of the lateral
connectivity indicated that the linkage was not
segregated into separate columns but rather continuousin the lateral direction (Fig. 5C).
Moreover, Fig. 3 also indicates the
presence of remote connectivity in
both the oblique and horizontal
directions, although fewer in number
(Fig. 5B). Such remote connectivity
was mediated by long radiating
dendrites originating from large cells
residing mainly in the middle and
upper parts of layer 4
(Figs. 3, 6B, D). These cells were
connected to one another in layer 4
and also to cells in layer 3 where the
horizontal connectivity was
remarkable (Fukuda et al., 2006). It
was concluded that both the preferen-
tial vertical linkage in remote pairs
and mutual connectivity among
nearby cells support more interac-
tions within a column-like space, but
there were no strict borders between
these column-like arrangements.Size of PV neurons
Because PV neurons forming the
dendritic reticulum were apparently
diverse in both the size of somata
and the length of dendrites
(Figs. 2, 4A), cross-sectional areas
of individual somata were measured
and related to the dimensions of
dendrites (Fig. 7). As demonstrated
in Fig. 7A, the size of somata
showed more than fourfold change,
ranging from 131 to 593 lm2
(median: 277 lm2), and smaller
neurons constituted the majority.
Then, the extent of dendritic trees
was related to the size of their
parent somata. For this analysis, 11
PV neurons were sampled from the
traced cells in Fig. 2 based upon the
criteria of well-reconstructed
dendritic trees (see Experimental
procedures). The summed length of
reconstructed dendrites was well
correlated with the soma size(Fig. 7B, p< 0.01 in Spearman’s correlation coeﬃcient,
0.81). Moreover, both the width (Fig. 7C, p< 0.01 in
Spearman’s correlation coeﬃcient, 0.83) and height
(Fig. 7D, p< 0.05 in Spearman’s correlation coeﬃcient,
0.70) of the dendritic ﬁeld was correlated with the soma
size. However, the total number of gap junctions on
reconstructed dendrites (11–62, mean 30.8) did not
show signiﬁcant correlation with the soma size (Fig. 7E,
Spearman’s correlation coeﬃcient, 0.35).Distribution of gap junctions along dendrites
Gap junctions were located at both proximal and distal
portions of dendrites. Their distribution patterns along
Fig. 4. Parallel arrangement of vertical dendrites of PV neurons in layer 4 of the area 18.
Rectangles in (A) are enlarged in (B), (C), (E), and (F), and part of (C) is further enlarged in (D).
Though PV neurons in this layer give rise to dendrites in all directions, vertical dendrites originating
from diﬀerent somata frequently run parallel to each other, as shown by red arrowheads. Scale
bar = 100 lm (A), 20 lm (B–F). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Sholl method (Fig. 8). Data were acquired from the
same set of well-reconstructed PV neurons (n= 11)
that were used for the size analysis. In each cell, the
distance between each gap junction and the root of the
dendrite was measured along the digitized tracing of the
dendrite using Neurolucida. The dendritic tree of each
cell was graphically represented as a dendrogram and
segmented according to the distance from the root at
intervals of 50 lm. Those dendritic segments that were
in the same range of the distance from the root were
grouped into one dendritic domain such as the domain
of 0–50 lm or of 50–100 lm, then the number of gap
junctions contained in each domain were quantiﬁed.This analysis revealed two
patterns of the distribution of
dendritic gap junctions (Fig. 8A, B).
In ﬁve cells, gap junctions were
distributed broadly to the distal
dendrites so that the largest number
of gap junctions was in a dendritic
domain beyond 50 lm from the
soma. In six other cells, gap
junctions were preferentially located
near the soma, and the number of
gap junctions was largest in the most
proximal domain of 0–50 lm from
the soma. These patterns were
related to the size of neurons: the
size of the soma of all cells in the
former group was larger than that of
the remaining six neurons that
comprised the latter group (Fig. 8C).
Moreover, the number of distal gap
junctions (>100 lm from the soma)
was well correlated with the soma
size (Fig. 8D, p< 0.05 in
Spearman’s correlation coeﬃcient,
0.72). In contrast, the number of
proximal gap junctions (6100 lm
from the soma) was not correlated
with the soma size (Fig. 8E,
Spearman’s correlation coeﬃcient,
0.07).
Asymmetry in soma-gap junction
distance
The above observations revealed the
distant linkages between remote
cells that were separated either in
the vertical, oblique, or horizontal
direction. The distal locations of
dendritic gap junctions, however,
might have little functional
signiﬁcance because of the
attenuation of signals during
transmission along passive
dendrites. To address this issue, I
measured the distances from each
gap junction along the coupled
dendrites back to their two parent
somata. Measurements in 204 gapjunctions unexpectedly resulted in an asymmetry in the
soma-gap junction distance (Fig. 9A). At least one of
the somata was located within 50 lm from the gap
junction in most cases (158/204, 77.5%), and within
75 lm in 91.2% of the cases (186/204) (Fig. 9B). This
positional relationship is demonstrated in Fig. 3, where
colored bars attached to somata show proximal location
of the connecting gap junctions that were within 50 lm
from the somata.
The high percentage of proximal locations of gap
junctions from at least one of the two connected somata
suggests two important structural organizations in the
dendritic reticulum of layer 4: (1) most gap junctions are
Fig. 5. The vertical versus lateral connectivity of layer 4 PV neurons through dendritic gap
junctions. (A) Each dot indicates the horizontal (abscissa) and vertical (ordinate) distances
between each combination of two somata that are connected by dendritic gap junction as shown in
Fig. 3. The distances were calculated from the three-dimensional coordinates of individual somata.
(B) Histogram of the positional relationship of somata that are connected via dendritic gap
junctions, classiﬁed according to the combination of the horizontal (H) and vertical (V) distances:
H 6 100 lm and V 6 100 lm as nearby, H 6 100 lm and V> 100 lm as vertical, H> 100 lm
and V 6 100 lm as horizontal, H> 100 lm and V> 100 lm as oblique, respectively. (C) The
lateral continuity of the dendritic reticulum. Each lane indicates connectivity of a single PV neuron,
shown here by larger circle, with other PV neurons, shown by smaller circles, through gap
junctions. Cells are those included in Fig. 3, and the positions of larger circles are arranged
according to the horizontal positions of individual somata. Positions and colors of smaller circles
correspond to those of coupled somata shown by larger circles in other lanes. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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potential generation in one or both of connected cells,
(2) gap junctions found on distal dendrites connect the
dendrites to the proximal part of their counterpart
dendrites, which may result in asymmetrical signal
transmission. This morphologically asymmetrical
connectivity was observed between paired somata of all
positional relationships including those located apart in
vertical, oblique, and lateral directions (Fig. 3).
The analysis also indicated the frequent occurrence of
gap junctions that were near both somata, within 50 lm
from both somata in 58 out of 204 cases (28.4%) and
within 75 lm in 93 out of 204 cases (45.6%). As shown
in Fig. 3, such proximal locations from both somata
were often found in cells clustered in a small space,
which possibly enables them to have a potent, albeit not
necessarily symmetrical (Sevetson and Haas, 2015),
inﬂuence on each other among the clustered PV neurons
in layer 4.
A small number of gap junctions were made between a
soma and a dendrite (7/204, 3.4%). The distance
from the somatic junction along the dendrite to the other
soma was variable (Fig. 9A; range 30.4–205.1 lm, mean
84.8 lm). There was no direct contact between two
somata.Direct thalamic inputs to PV
neuron soma
Next I examined the anatomically
identiﬁable driving inputs to the PV
neuron network in layer 4 and
explored the possible source of
inputs that might activate signal
transmission through gap junction
(Fig. 10). In the feline visual cortex,
direct driving inputs from the lateral
geniculate nucleus of the thalamus
take parallel pathways to areas 17
and 18, and they target layer 4 in
both areas (Payne and Peters,
2002). The thalamocortical axons
generally innervate spiny stellate cells
of layer 4 through excitatory synapses
on dendritic spines, but a previous
study showed that GABA-
immunoreactive somata were also
the target of thalamic aﬀerents
(Freund et al., 1985; Ahmed et al.,
1997). Therefore, I examined whether
such thalamocortical axons directly
innervate layer 4 GABAergic neurons
of the PV-containing population and
thereby provide potential driving
inputs, which in turn could be trans-
mitted mutually as coherent signals
through proximal gap junctions.
In the triple-labeled
immunohistochemistry,
thalamocortical glutamatergic axon
terminals were visualized by the
antibody speciﬁc to VGluT2
(Fujiyama et al., 2001), whereasGABAergic axon terminals were labeled by the antibody
against GAD, in addition to PV-immunostaining. In layer
4 of area 18, somata and proximal dendrites of PV neu-
rons were surrounded by many VGluT2-positive boutons
of large size (Fig. 10B, D). These boutons were directly
re-examined in EM after CLSM (Fig. 10E–H), and the vast
majority of them (24/30, 80%) were conﬁrmed to establish
the asymmetrical type of synaptic contacts with the
somata of the identiﬁed PV neurons. The same PV neu-
rons were also characterized by the presence of many
PV/GAD double-immunoreactive boutons on their somata
and proximal dendrites (Fig. 10B, C). The correlated
CLSM-EM conﬁrmed that most of these boutons (25/29,
86%) made symmetrical synaptic contacts with the PV
neurons (Fig. 10I–Q).
On the basis of the high probability of actual synaptic
contacts at the EM level after preceding observations of
the same structures in CLSM, the perisomatic densities
of both VGluT2-immunoreactive and PV/GAD double-
immunoreactive boutons (number per unit surface area)
were measured using CLSM (Fig. 10R, S). When
compared among the PV neurons of diﬀerent layers, the
highest density of perisomatic VGluT2-positive boutons
was observed in layer 4 (p= 4  1017, Kruskal–Wallis
Fig. 6. Diverse connectivity through dendritic gap junctions. The color of each soma in the tracing
is reﬂected in the inset. The color of arrows in the tracing that show the sites of gap junctions
connecting a particular combination of cells is identical to the color of the connecting line in the
inset. Numerals in the inset show the number of gap junctions between a single pair when it is
greater than or equal to 2. The black arrows in the inset are identical to those shown in Fig. 3,
meaning the position of proximal gap junctions within 50 lm from the tailed soma. (A) The vertical
linkage. Green circles indicate gap junctions formed on vertical dendrites at the positions distal
from one soma but close to the connected partner, thus bridging the cells located away in a
columnar space. Note dense connectivity by ﬁve junctions in single translaminar pairs. (B) The
vertical and translaminar linkages are further connected laterally through long oblique and
horizontal dendrites. The translaminar pair linked by 9 gap junctions is identical to the one shown in
Fig. 1H. The green circles show gap junctions bridging the vertically separated pairs as in (A). (C)
The nearby linkage among clustered cells, mediated by gap junctions that are proximal to both
somata. (D) The widely connected neuron that establishes distant linkages in all directions
including translaminar linkages toward both layer 3 and layer 5 from layer 4 (dark blue arrows in
the tracing). Scale bar = 100 lm. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
84 T. Fukuda /Neuroscience 340 (2017) 76–90test, H = 83.26, degree of freedom 4, population
size = 155). Moreover, the density in the layer 4 PV
neurons was higher than that in the PV-negative
GABAergic neurons of the same layer (p< 0.001,
Mann–Whitney test). Considering the regulation of spiny
stellate cells by the perisomatic inputs from PV-positive
GABAergic neurons (Fig. 11), the direct contact of
numerous VGluT2-positive boutons on somata of PV
neurons suggests a unique strategic connectivity that
can explain the powerful feedforward regulation on spinystellate cells by FS interneurons in
layer 4 (Agmon and Connors, 1992;
Swadlow, 2003; Cruikshank et al.,
2007; Schiﬀ and Reyes, 2012; Kloc
and Maﬀei, 2014).
The layer 4 PV neurons were also
characterized by a higher density of
PV/GAD double-positive perisomatic
boutons (Fig. 10S) when compared
with the PV-positive neurons of
diﬀerent layers (p= 3  106,
Kruskal–Wallis test, H = 31.11,
degree of freedom 4, population
size = 155) and also with the PV-
negative GABAergic neurons of the
same layer (p< 0.001, Mann–
Whitney test). This structural feature
is consistent with the previous
ﬁnding that somata of PV neurons
are frequently targeted by
presumptive PV-positive large basket
cells in the cat visual cortex
(Kisva´rday et al., 1993) and will be a
morphological correlate of mutual
inhibitory responses recorded physio-
logically in paired FS cells (Galarreta
and Hestrin, 2001, 2002; Gibson
et al., 2005).DISCUSSION
This study demonstrated the visible
structure of gap junction-coupled
linkages at the network level.
Though the size of the tissues
sampled for three-dimensional
reconstruction was inevitably limited
because of the technical reasons,
the obtained results were consistent
with the repeated observations in
broad regions of area 18. The main
ﬁndings are summarized as follows:
(1) Dendrites of PV neurons form
the dendritic reticulum linked
by gap junctions in layer 4 of
the feline visual cortex.
(2) The dendritic reticulum medi-
ates connections both among
clustered neurons and among
remote neurons. The latter con-
nectivity has a preference forthe vertical direction, but the reticulum is not par-
celed into columns.
(3) Layer 4 PV neurons are diverse in both the size of
soma and extent of the dendritic ﬁelds, and larger
cells have a tendency to form gap junctions at more
distal locations.
(4) Nearby neurons often connect with one another
through proximal gap junctions, whereas distal
Fig. 7. The sizes of somata and dendritic ﬁelds of PV neurons. (A)
Distribution of the soma size (cross-sectional area) of PV neurons in
layer 4. (B–D) Correlations between the soma size and the summed
length of reconstructed dendrites (B), the width (C) and height (D) of
the reconstructed dendritic ﬁeld, and the number of gap junctions (E).
Spearman’s correlation coeﬃcients are 0.81 (B), 0.83 (C), 0.71 (D),
and 0.35 (E).
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the soma-gap junction distance.
(5) The direct thalamocortical inputs on the somata of
layer 4 PV neurons suggest the importance of this
connectivity in thalamocortical feedforward
regulation.
(6) PV neurons are further characterized by high den-
sity of mutual GABAergic synapses on somata
especially in layer 4, the interconnectivity recently
postulated to be critically involved in the generation
of interneuron-derived synchrony (Hu et al., 2011;
Diba et al., 2014).
These distinguishing features, shown schematically in
Fig. 11, have not necessarily been taken into
consideration to date in the analysis of the neuronal
activity in the visual cortex. Moreover, the resultsconﬁrm our previous ﬁndings in other cortical areas and
layers, hippocampus and striatum that PV-positive
interneurons form three-dimensional plexus of gap
junction-coupled dendrites (Fukuda and Kosaka, 2000a,
2000b, 2003; Fukuda et al., 2006; Fukuda, 2009), which
strengthens the idea that the dendritic reticulum of PV-
positive interneurons is an essential structural component
in these tissues.
Some Cx36-immunoreacive puncta were observed in
the tissue without making contact with PV-
immunoreactive structures. These puncta were
assumed to be gap junctions formed between PV-
negative neurons, but they were much fewer than the
Cx36-immunoreactive puncta found on PV-
immunoreactive structures. Because electrophysiological
studies have revealed frequent occurrence of electrical
coupling between PV-negative interneurons (Galarreta
and Hestrin, 2001; Connors and Long, 2004), it is impor-
tant to determine whether such extensive coupling among
non-PV interneurons, which has been observed in imma-
ture slices up to postnatal 3–4 weeks, continues into adult
age, and if so, how dense the non-PV dendrites are cou-
pled by gap junctions.Vertical organization in the dendritic reticulum
The dendritic reticulum showed its preferential linkage in
the vertical direction. The layer 4 of the cat primary
visual cortex is subdivided into two sublamina, 4A
(upper part) and 4B (lower part), which diﬀer in their
cytoarchitecture (Harvey, 1980), aﬀerent and eﬀerent
connectivity (Humphrey et al., 1985), and receptive ﬁeld
structure (Martinez et al., 2005). Thus, the vertical den-
dritic linkage will facilitate interactions between the
sublamina-speciﬁc activities inside layer 4. Moreover,
the vertical organization established translaminar connec-
tivity diﬀerently for the two sublaminae (Figs. 3 and 6): PV
neurons in upper layer 4 made contact with neurons in
bottom layer 3, whereas those in lower layer 4 with PV
neurons in upper layer 5. Thus, the translaminar connec-
tivity suggests unknown channels for the interactions
between neuronal activities in diﬀerent layers. This was
further strengthened by the presence of trilaminar cou-
pling cells in which direct electrical signals from layers
3, 4, and 5 can be integrated in single neurons.
Because the feline visual cortex including area 18 has
prominent columnar specialization such as that for
orientation of light stimulus (Hubel and Wiesel, 1963),
gap junction-mediated vertical linkage will facilitate the
interactions among PV neurons in the same functional
columns. The long vertical dendrites bridge the cells
located apart in vertical direction through gap junctions,
possibly facilitating interactions between diﬀerent lami-
nae/sublaminae in the same column.Lateral continuity in the dendritic reticulum
The fact that the dendritic reticulum is not segregated
laterally might appear contradictory to the columnar
organization. It is important to point out that lateral
continuity without strict boundaries has been noted from
the beginning of the investigation of functional columns
Fig. 8. Distribution of gap junctions along dendrites. (A, B) The number of gap junctions contained
in each dendritic domain that is located at a diﬀerent distance from the soma is shown separately
for individual neurons. In ﬁve neurons (A), the largest number of gap junctions is in a domain
beyond 50 lm from the soma. In six other neurons (B), the number of gap junctions is largest in the
most proximal domain of 0–50 lm from the soma. (C) The sizes of somata of neurons analyzed in
(A) and (B). (D) The number of distal gap junctions (>100 lm from the soma) is well correlated
with the size of neurons (Spearman’s correlation coeﬃcient, 0.72). (E) The number of proximal gap
junctions (6100 lm from the soma) is not correlated with the size of neurons (Spearman’s
correlation coeﬃcient, 0.07).
Fig. 9. Most dendritic gap junctions are proximal to at least one of two somata that are connected
by gap junction-coupled dendrites. (A) The distances from each gap junction along the contacting
dendrites back to their two parent somata were measured in 208 cases. In each gap junction, the
longer distance to the soma is shown in the abscissa, whereas the shorter distance in the ordinate.
(B) The histogram of the shorter distances.
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selectivity of neurons in cat primary
visual cortex shifts smoothly when
experimenters move the electrode in
the horizontal direction. Thus, the lat-
eral continuity in the dendritic reticu-
lum does not contradict the columnar
organization, but it might rather visu-
alize the inherently continuous lateral
nature of the functional columns.
The lateral continuity in the
dendritic reticulum is suitable for the
characteristic responses of
interneurons to the external stimuli
in vivo, such as broad tuning to
orientation in the visual cortex
(Hirsch et al., 2003; Zhuang et al.,
2013). Notably, a lack of orientation
preference has been observed in
large, presumptive PV-
immunoreactive basket cells in layer
4 of the cat visual cortex (Hirsch
et al., 2003). An analysis in mice also
showed that broadly tuned PV neu-
rons had longer dendrites that
branched farther from the soma than
highly tuned PV neurons with shorter
dendritic ﬁelds (Runyan and Sur,
2013). These broadly tuned PV neu-
rons will most probably correspond
to large-type PV neurons that estab-
lish dendritic gap junctions at more
distal sites shown here. These neu-
rons can receive diverse inputs both
directly on their long dendrites and
indirectly through distal gap junctions
that will transmit activities of other
PV neurons of distant location. On
the other hand, smaller PV neurons
forming a local gap junction network
with nearby cells may correspond to
highly tuned PV neurons.
Previous studies have shown that
large basket cells in the cat visual
cortex have remarkable features also
in the axonal topography: their axons
span large ﬁelds and establish
horizontal connections with diﬀerent
columns that cover broad orientation
spectrum (Kisva´rday et al., 1993,
1996, 1997; Yousef et al., 1999).
Therefore, they will be involved in a
wide range of activity in both input
and output phases facilitated by the
extensive networks of dendrites and
axons, respectively.
Laminar and regional diﬀerences
of gap junctions
In our previous investigation in layer
2/3 of the cat area 18 (Fukuda et al.,
Fig. 10. Correlated CLSM-EM showing the presence of both VGluT2-positive synapses and PV/
GAD-double-positive synapses abutting directly on the soma of layer 4 PV neurons. (A–D) Triple
immunoﬂuorescence staining for PV (green), GAD (red), and VGluT2 (blue) in area 18. Somata of
PV neurons in layer 4 are surrounded by many immunoreactive boutons. Arrow in (A) indicates
one of such cells enlarged in (B–D). Numerals in (C) and (D) indicate individual perisomatic
boutons. (E) The correspondence of the same soma and boutons identiﬁed in both CLSM and EM.
After CLSM, PV-immunoreactivity was visualized by a DAB reaction, whereas VGluT2-
immunoreactivity by darker DAB-Nickel reaction. PV-positive boutons in (C) are labeled weakly
by DAB and are shown here as pink-colored areas. (F–H) Enlargement of 4 VGluT2-positive axon
terminals forming asymmetrical-type synapses (blue arrows) with the identiﬁed soma. (I–Q)
Enlargement of 9 PV/GAD double-positive axon terminals forming symmetrical-type synapses (red
arrows) with the identiﬁed soma. (R, S) The density of perisomatic VGluT2-positive (R) and
PV/GAD double-positive (S) boutons compared across layers and also between PV-positive and
PV-negative GABAergic neurons. The density is represented with an arbitrary unit. Scale
bars = 50 lm (A); 5 lm (B–E); 1 lm (F); 0.1 lm (F inset, G–Q). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
T. Fukuda /Neuroscience 340 (2017) 76–90 872006), we performed quantitative analysis on well-
reconstructed, ‘‘large-type” PV neurons that were deﬁned
by the soma size larger than 200 lm2. As demonstrated in
Fig. 8B of the present study, all the neurons used for the
quantitative analysis had somata larger than 200 lm2.Thus, distribution of dendritic gap
junctions can be compared between
two populations of similar soma size.
The number of gap junctions formed
by single neurons was 60.3 (layer
2/3) versus 30.8 (layer 4), and this dif-
ference was also reﬂected in the den-
sity of dendritic gap junctions (number
per unit length). In contrast, dendrites
of PV neurons in the infragranular lay-
ers apparently had smaller density of
gap junctions, although they were
not reconstructed. Another remark-
able feature of infragranular PV neu-
rons was that they occasionally had
long horizontal dendrites and formed
gap junctions with other PV neurons
(Fig. 4E in Fukuda et al., 2006). This
long horizontal connectivity is more
conspicuous in associational cortical
areas such as ectosylvian visual area
in the feline cortex (unpublished
observations). The laminar and regio-
nal diﬀerences in the number of gap
junctions are further noted in the
rodent hippocampus proper and den-
tate gyrus (data will be presented
elsewhere). On the other hand, some
regional diﬀerences in the distribution
of gap junctions were also observed
among PV neurons of the feline stria-
tum (Fukuda, 2009): dendritic reticu-
lum of PV neurons were located
preferentially in the matrix compart-
ment, and the density of dendritic
gap junctions showed rostrocaudal
diﬀerence. Therefore, the dendritic
reticulum is not a uniform meshwork
but has region-speciﬁc diversity,
which in turn may lead to the region-
speciﬁc mode of regulation by
GABAergic interneurons and further
the region-speciﬁc computation by
residing neurons that will characterize
the function of that region.
Distance of dendritic gap junctions
from the soma
Because of the attenuation of signals
along dendrites, the functional
signiﬁcance of distant gap junctions
has been doubted irrespective of
their frequent occurrence. However,
the asymmetrical connectivity shown
here, in which gap junction is close
to one soma but is far from the othersoma, sheds light on the issue of distant gap junctions.
Physiological studies have shown that action potentials
in one FS/PV neuron can be transmitted through gap
junctions as biphasic spikelet-afterhyperpolarizations to
Fig. 11. Schematic diagram of the neuronal circuit in layer 4 of the
area 18. The dendritic linkage through gap junctions (red dots), based
on the present ﬁndings, is incorporated into the scheme. Note also
the mutual GABAergic connectivity between PV neurons and recip-
rocal connectivity between PV neuron and spiny stellate cell (ss). thal,
aﬀerent axons from the thalamus. (For interpretation of the refer-
ences to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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100 lm (Galarreta and Hestrin, 1999; Gibson et al.,
2005), and the amplitude of transmitted signals appears
to be comparable to that of conventional postsynaptic
potentials at chemical synapses. On the other hand, the
amplitude of action potential backpropagation into pas-
sive dendrites of PV neurons is kept as large as that of
action potentials measured at the soma when dendritic
recording is made within 50 lm from the soma (Hu
et al., 2010). This suggests that dendritic gap junctions
within 50 lm from one ‘presynaptic’ soma can transmit
action potentials as spikelets to the paired ‘postsynaptic’
cell, and this would occur even if the postsynaptic cell is
more remote along the passive dendrite, just as the trans-
mission of chemical synapse-derived postsynaptic poten-
tials along it.
In contrast, approximately 50% of gap junctions were
formed between nearby cells (Fig. 5B). Membrane
potential changes including spikelets will be more
eﬃciently and bidirectionally transmitted through these
proximal junctions, just as has been repeatedly
demonstrated in physiological recordings (Galarreta and
Hestrin, 1999; Gibson et al., 1999).
In addition to the possible transmission of action
potentials, synaptic potentials would be able to pass
through gap junctions regardless of their distance from
soma. Because synaptic potentials in distal dendritescan be larger than those recorded at soma, the
communication through distal gap junctions may provide
powerful inﬂuences on coupled neurons. One possible
role of this interaction is the spatial averaging of
chemical synaptic excitation by sharing charges among
connected dendrites, resulting in distal excitatory
synapses that can drive network activity more eﬀectively
(Vervaeke et al., 2012). Another collective eﬀect of gap
junctions in a single neuron can be their inﬂuence on input
resistance of the neuron (Amitai et al., 2002). The
present analysis revealed that single PV neurons formed
11 to 62 gap junctions with others. This is comparable to
the number calculated in rat somatosensory cortex and
supports the estimation that gap junctions may account
for half of the input conductance of FS neurons (Amitai
et al., 2002).
Paired recordings in cortical FS cells have revealed
that electrical coupling is always bidirectional and that
coupling strength is roughly equal in both directions
(Galarreta and Hestrin, 1999, 2002; Gibson et al., 1999,
2005). However, recent studies have revealed asymmet-
rical nature of electrical synapses in the thalamic reticular
nucleus, especially in their activity-dependent modiﬁca-
tions (Haas et al., 2011; Sevetson and Haas, 2015).
There will be two factors that inﬂuence the asymmetry
in coupling; one is rectiﬁcation, the asymmetry inherent
to the property of measured junction (Rash et al., 2013),
and the other its position along the two connected den-
drites. It is an open question to what degree these two
factors aﬀect the measurable asymmetry. The detailed
positional data shown here will facilitate investigation of
this critical issue in the cerebral cortex.
Functional implications
Physiological analyses have suggested that FS
interneurons in layer 4 of the sensory cortices are
critically involved in the thalamocortical feedforward
regulation. The very low thresholds (Swadlow, 1989)
and strong responses to sensory stimulation with fast
kinetics in PV/basket neurons (Swadlow, 2003;
Cruikshank et al., 2007; Schiﬀ and Reyes, 2012;
Zhuang et al., 2013; Kloc and Maﬀei, 2014) have been
related to the occurrence of thalamic inputs on the soma
and proximal dendrites of GABAergic interneurons
(Freund et al., 1985). The present study provides direct
anatomical evidence that immunohistochemically identi-
ﬁed PV neurons are involved in the circuit of feedforward
regulation by the thalamic inputs.
Excitatory inputs to PV/basket cells in layer 4 of cat
visual cortex originate not only from the thalamus but
also from spiny stellate cells in the same layer and
pyramidal cells in other layers, mainly layer 6 (Ahmed
et al., 1997). Layer 6 pyramidal cells innervate exclusively
the distal dendritic segments but not somata (McGuire
et al., 1984; Ahmed et al., 1994, 1997). Thus, asymmetri-
cal synapses on the soma of identiﬁed basket cells were
dominated by those of thalamic (55%) and spiny stellate
(45%) origins (Ahmed et al., 1997). I also observed
VGluT1-positive boutons on somata of layer 4 PV neu-
rons with the density nearly equal to that of VGluT2-
T. Fukuda /Neuroscience 340 (2017) 76–90 89positive boutons shown here (unpublished observations).
Because VGluT1-positive boutons generally represent
axonal endings of cortical origins, the above data on bas-
ket cells (Ahmed et al., 1997) suggest that most of
VGluT1-positive boutons on layer 4 PV neurons originate
from spiny stellate cells. Thus, layer 4 PV neurons receive
perisomatic excitatory inputs from both thalamocortical
feedforward axons and reciprocally connected spiny stel-
late cells (Gibson et al., 1999) with relatively similar den-
sities. However, thalamic inputs elicit much higher
postsynaptic responses in PV neurons than those in spiny
stellate cells (Cruikshank et al., 2007; Schiﬀ and Reyes,
2012). This suggests that thalamic inputs directly drive
feedforward regulation rather than elicit spiny stellate
cell-mediated feedback mechanism.
Importantly, these PV neurons are further coupled by
dendritic gap junctions that are located close to the soma
of at least one of paired cells. Thus, activation of PV
neuron networks by the driving inputs from the visual
thalamus can be modulated by proximal gap junctions in
three ways, (1) through transmission of soma-targeting
excitatory synaptic potentials, (2) by biphasic signal
transmission of action potentials as spikelet-afterhyperpo
larizations, and (3) by gap junction-mediated transmission
of mutual inhibitory GABAA responses. The same events
may hold true for perisomatic excitatory inputs from spiny
stellate cells. The relative timing of these diﬀerent
activities on individual PV neurons will promote or
depress synchronous/rhythmic ﬁring of a population of
layer 4 PV neurons and shape their regulatory activities
on surrounding spiny stellate cells. In other words, one
of multiple roles of gap junctions could be an
instantaneous switch for diﬀerent modes of neuronal
computation determined by the state of the animal. A
recent study in behaving monkeys showed that a
sensory drive could shift visual cortex from synchronous
to asynchronous states (Tan et al., 2014).
Since the era of Cajal’s declaration of the neuron
doctrine, it has been generally accepted that the
neuronal linkage is established between discrete
individual cells. However, visualization of the gap
junction-coupled dendritic reticulum clearly indicates the
existence of the structure in which the cytoplasm of
connected neurons is in continuity with one another in a
large scale. The direct, bidirectional signal transmission
through gap junctions is completely diﬀerent from the
transmission at chemical synapses and requires us to
change the way we think about the structure and
function of the brain. The gap junction-coupled plexus of
dendrites might add a once-dismissed, reticular nature
to the brain architecture as far as its regulatory GABA
system is concerned.Acknowledgments—I thank Drs. K. Kumamoto and S. Ebara for
animals, C. Tanaka, Y. Sawai, Y. Kumagai and Y. Koba
for technical assistance, and N. Shigematsu for helpful discus-
sion. T.F. designed and executed the experiments, analyzed
the acquired data and wrote the paper. This work was supported
by JPSP KAKENHI Grant Numbers 21500327, 24300127, and
16KT0174.REFERENCES
Agmon A, Connors BW (1992) Correlation between intrinsic ﬁring
patterns and thalamocortical synaptic responses of neurons in
mouse barrel cortex. J Neurosci 12:319–329.
Ahmed B, Anderson JC, Douglas RJ, Martin KAC, Nelson JC (1994)
Polyneuronal innervation of spiny stellate neurons in cat visual
cortex. J Comp Neurol 341:39–49.
Ahmed B, Anderson JC, Martin KAC, Nelson JC (1997) Map of the
synapses onto layer 4 basket cells of the primary visual cortex of
the cat. J Comp Neurol 380:230–242.
Amitai Y, Gibson JR, Beierlein M, Patrick SL, Ho AM, Connors BW
(2002) The spatial dimensions of electrically coupled networks of
interneurons in the neocortex. J Neurosci 22:4142–4152.
Bartos LM, Vida I, Frotscher M, Meyer A, Monyer H, Geiger JRP,
Jonas P (2002) Fast synaptic inhibition promotes synchronized
gamma oscillations in hippocampal interneuron networks. Proc
Natl Acad Sci USA:13222–13227.
Baude A, Bleasdal C, Dalezios Y, Somogyi P, Klausberger T (2007)
Immunoreactivity for the GABAA receptor a1 subunit,
somatostatin and connexin36 distinguishes axoaxonic, basket,
and bistratiﬁed interneurons of the rat hippocampus. Cereb
Cortex 17:2094–2107.
Berke JD (2011) Functional properties of striatal fast-spiking
interneurons. Front Syst Neurosci 5. Article 45.
Condorelli DF, Parenti R, Spinella F, Salinaro AT, Belluardo N,
Cardile V, Cicirata F (1998) Cloning of a new gap junction gene
(CX36) highly expressed in mammalian brain neurons. Eur J
Neurosci 10:1202–1208.
Connors BW, Long MA (2004) Electrical synapses in the mammalian
brain. Annu Rev Neurosci 27:393–418.
Cruikshank SJ, Lewis TJ, Connors BW (2007) Synaptic basis for
intense thalamocortical activation of feedforward inhibitory cells in
neocortex. Nat Neurosci 10:462–468.
Diba K, Amarasingham A, Mizuseki K, Buzsa´ki G (2014) Millisecond
timescale synchrony among hippocampal neurons. J Neurosci
34:14984–14994.
Freund TF, Martin KAC, Somogyi P, Whitebridge D (1985)
Innervation of cat visual areas 17 and 18 by physiologically
identiﬁed X- and Y-type thalamic aﬀerents. II. Identiﬁcation of
postsynaptic targets by GABA immunocytochemistry and Golgi
impregnation. J Comp Neurol 242:275–291.
Fujiyama F, Furuta T, Kaneko T (2001) Immunocytochemical
localization of candidates for vesicular glutamate transporters in
the rat cerebral cortex. J Comp Neurol 435:379–387.
Fukuda T (2009) Network architecture of gap junction-coupled
neuronal linkage in the striatum. J Neurosci 28:1235–1243.
Fukuda T, Kosaka T (2000a) Gap junctions linking the dendritic
network of GABAergic interneurons in the hippocampus. J
Neurosci 20:1519–1528.
Fukuda T, Kosaka T (2000b) The dual network of GABAergic
interneurons linked by both chemical and electrical synapses: a
possible infrastructure of the cerebral cortex. Neurosci Res
38:123–130.
Fukuda T, Kosaka T (2003) Ultrastructural study of gap junctions
between dendrites of parvalbumin-containing GABAergic neurons
in various neocortical areas of the adult rat. Neuroscience
120:5–20.
Fukuda T, Kosaka T, Singer W, Galuske RAW (2006) Gap junctions
among dendrites of cortical GABAergic neurons establish a dense
and widespread intercolumnar network. J Neurosci
26:3434–3443.
Galarreta M, Hestrin S (1999) A network of fast-spiking cells in the
neocortex connected by electrical synapses. Nature 402:72–75.
Galarreta M, Hestrin S (2001) Electrical synapses between GABA-
releasing interneurons. Nat Rev Neurosci 2:425–433.
Galarreta M, Hestrin S (2002) Electrical and chemical synapses
among parvalbumin fast-spiking GABAergic interneurons in
adult mouse neocortex. Proc Natl Acad Sci U S A
99:12438–12443.
90 T. Fukuda /Neuroscience 340 (2017) 76–90Gibson JR, Beierlein M, Connors BW (1999) Two networks of
electrically coupled inhibitory neurons in neocortex. Nature
402:75–79.
Gibson JR, Beierlein M, Connors BW (2005) Functional properties of
electrical synapses between inhibitory interneurons of neocortical
layer 4. J Neurophysiol 93:467–480.
Haas JS, Zavala B, Landisman CE (2011) Activity-dependent long-
term depression of electrical synapses. Science 334:389–393.
Harvey AR (1980) The aﬀerent connexions and laminar distribution of
cells in area 18 of the cat. J Physiol 302:483–505.
Hirsch JA, Martinez LM, Pillai C, Alonso J-M, Wang Q, Sommer FT
(2003) Functionally distinct inhibitory neurons at the ﬁrst stage of
visual cortical processing. Nat Neurosci 12:1300–1308.
Hu H, Martina M, Jonas P (2010) Dendritic mechanisms underlying
rapid synaptic activation of fast-spiking hippocampal
interneurons. Science 327:52–58.
Hu H, Ma Y, Agmon A (2011) Submillisecond ﬁring synchrony
between diﬀerent subtypes of cortical interneurons connected
chemically but not electrically. J Neurosci 31:3351–3361.
Hubel DH, Wiesel TN (1963) Shape and arrangement of columns in
cat’s striate cortex. J Physiol 165:559–568.
Humphrey AL, Sur M, Uhlrich DJ, Sherman SM (1985) Projection
patterns of individual X- and Y-cell axons from the lateral
geniculate nucleus to cortical area 17 in the cat. J Comp Neurol
233:159–189.
Katsumaru H, Kosaka T, Heizmann CW, Hama K (1988) Gap
junctions on GABAergic neurons containing the calcium-binding
protein parvalbumin in the rat hippocampus (CA1 region). Exp
Brain Res 72:363–370.
Kisva´rday ZF, Beaulieu C, Eysel UT (1993) Network of GABAergic
large basket cells in cat visual cortex (area 18): implication for
lateral disinhibition. J Comp Neurol 327:398–415.
Kisva´rday ZF, Bonhoeﬀer T, Kim D-S, Eysel UT (1996) Functional
topography of horizontal neuronal networks in cat visual cortex
(area 18). In: Aertsen A, Braitenberg V, editors. Brain theory.
Biological basis and computational principles. Elsevier. p.
97–120.
Kisva´rday ZF, To´th E, Rausch M, Eysel UT (1997) Orientation-
speciﬁc relationship between populations of excitatory and
inhibitory lateral connections in the visual cortex of the cat.
Cereb Cortex 7:605–618.
Kita H, Kosaka T, Heizmann CW (1990) Parvalbumin-
immunoreactive neurons in the rat neostriatum: a light and
electron microscopic study. Brain Res 536:1–15.
Kloc M, Maﬀei A (2014) Target-speciﬁc properties of thalamocortical
synapses onto layer 4 of mouse primary visual cortex. J Neurosci
34:15455–15465.
Koo´s T, Tepper JM (1999) Inhibitory control of neostriatal
projection neurons by GABAergic interneurons. Nat Neurosci
2:467–472.
Landisman CE, Long MA, Beierlein M, Deans MR, Paul DL, Connors
BW (2002) Electrical synapses in the thalamic reticular nucleus. J
Neurosci 22:1002–1009.
Lee SC, Patrick SL, Richardson KA, Connors BW (2014) Two
functionally distinct networks of gap junction-coupled inhibitory
neurons in the thalamic reticular nucleus. J Neurosci
34:13170–13182.
Martinez LM, Wang Q, Reid RC, Pillai C, Alonso J-M, Sommer FT,
Hirsch JA (2005) Receptive ﬁeld structure varies with layer in the
primary visual cortex. Nat Neurosci 8:372–379.
McGuire BA, Hornung J-P, Gilbert CD, Wiesel TN (1984) Patterns of
synaptic input to layer 4 of cat striate cortex. J Neurosci
4:3021–3033.Muller JF, Mascagni F, McDonald AJ (2005) Coupled networks of
parvalbumin-immunoreactive interneurons in the rat basolateral
amygdala. J Neurosci 25:7366–7376.
Payne BR, Peters A (2002) The concept of cat primary visual cortex.
In: Payne BR, Peters A, editors. The cat primary visual
cortex. San Diego, CA: Academic Press. p. 1–129.
Rash JE, Staines WA, Yasumura T, Patel D, Furman CS, Stelmack
GL, Nagy JI (2000) Immunogold evidence that neuronal gap
junctions in adult brain and spinal cord contain connexin-36 but
not connexin-32 or connexin-43. Proc Natl Acad Sci U S A
97:7573–7587.
Rash JE, Curti S, Vanderpool KG, Kamasawa N, Nannapaneni S,
Palacios-Prado N, Flores CE, Yasumura T, O’Brien J, Lynn BD,
Bukauskas FF, Nagy JI, Pereda AE (2013) Molecular and
functional asymmetry at a vertebrate electrical synapse. Neuron
79:957–969.
Runyan CA, Sur M (2013) Response selectivity is correlated to
dendritic structure in parvalbumin-expressing inhibitory neurons in
visual cortex. J Neurosci 33:11724–11733.
Russo G, Nieus TR, Maggi S, Taverna S (2013) Dynamic of action
potential ﬁring in eclectically connected striatal fast-spiking
interneurons. Front Cell Neurosci 7. Article 209.
Schiﬀ ML, Reyes AD (2012) Characterization of thalamocortical
responses of regular-spiking and fast-spiking neurons of the
mouse auditory cortex in vivo and in silico. J Neurophysiol
107:1476–1488.
Sevetson J, Haas JS (2015) Asymmetry and modulation of spike
timing in electrically coupled neurons. J Neurophysiol
113:1743–1751.
Sippy T, Yuste R (2013) Decorrelating action of inhibition in
neocortical networks. J Neurosci 33:9813–9830.
So¨hl G, Degen J, Teubner B, Willecke K (1998) The murine
gap junction gene connexin36 is highly expressed in mouse
retina and regulated during brain development. FEBS Lett
428:27–31.
Swadlow HA (1989) Eﬀerent neurons and suspected interneurons in
S-1 vibrissa cortex of the awake rabbit: receptive ﬁelds and axonal
properties. J Neurophysiol 62:288–308.
Swadlow HA (2003) Fast-spiking interneurons and feedforward
inhibition in awake sensory neocortex. Cereb Cortex 13:25–32.
Tama´s G, Buhl EH, Lorincz A, Somogyi P (2000) Proximally targeted
GABAergic synapses and gap junctions synchronize cortical
interneurons. Nat Neurosci 3:366–371.
Tan AYY, Chen Y, Scholl B, Seidemann E, Priebe NJ (2014) Sensory
stimulation shifts visual cortex from synchronous to asynchronous
states. Nature 509:226–229.
Vervaeke K, Lorincz A, Nusser Z, Silver RA (2010) Rapid
desynchronization of an electrically coupled interneuron network
with sparse excitatory synaptic input. Neuron 67:435–451.
Vervaeke K, Lo¨rincz A, Nusser Z, Silver RA (2012) Gap junctions
compensate for sublinear dendritic integration in an inhibitory
network. Science 335:1624–1628.
Yousef T, Bonhoeﬀer T, Kim D-S, Eysel UT, To´th E, Kisva´rday ZF
(1999) Orientation topography of layer 4 lateral networks revealed
by optical imaging in cat visual cortex (area 18). Eur J Neurosci
11:4291–4308.
Zhuang J, Stoelzel CR, Bereshopolova Y, Huﬀ JM, Hei X, Alonso JM,
Swadlow HA (2013) Layer 4 in primary visual cortex of the
awake rabbit: contrasting properties of simple cells and
putative feedforward inhibitory interneurons. J Neurosci
33:11372–11389.(Accepted 20 October 2016)
(Available online 27 October 2016)
